Managing agricultural pests with an incomplete understanding of the impacts that tactics have on crops, pests, and other organisms poses risks for loss of short-term profits and longer-term negative impacts, such as evolved resistance and nontarget effects. This is especially relevant for the management of weeds that are viewed almost exclusively as major impediments to crop production. Seldom considered in weed management are the benefits weeds provide in agroecosystems, which should be considered for optimal decision-making. Integration of weed costs and benefits will become increasingly important as management for pests transitions away from nearly complete reliance on herbicides and transgenic crop traits as the predominant approach for control. Here, we introduce a weed-management decision framework that accounts for weed benefits and exemplify how in-crop weed occurrence can increase crop yields in which a highly damaging insect also occurs. We highlight a case study showing how management decision-making for common milkweed, which is currently controlled primarily with glyphosate in herbicide-tolerant corn, can be improved by integrating management of the European corn borer (ECB), which is currently controlled primarily by the transgenic toxin Cry1 in Bacillus thuringiensis corn. Our data reveal that milkweed plants harboring aphids provide a food source (honeydew) for parasitoid wasps, which attack ECB eggs. Especially at high ECB population densities (. 1 egg mass leaf À1 ), maintaining low milkweed densities (, 1 stem m À2 ), effectively helps to minimize yield losses from ECB and to increase the economic injury level of this aggressive perennial weed. In addition, milkweed is the host for the monarch butterfly, so breeding-ground occurrences of the plant, including crop fields, may help sustain populations of this iconic insect. Using a more-holistic approach to integrate the management of multiple crop pests has the capacity to improve decision-making at the field scale, which can improve outcomes at the landscape scale. Nomenclature: Bt, Bacillus thuringiensis Berliner; glyphosate; common milkweed, Asclepias syriaca L.; corn, Zea mays L.; European corn borer, Ostrinia nubilalis Hübner; milkweed aphids, Aphis asclepiadis Fitch, Aphis nerii Boyer de Fonscolome, and Myzocallis asclepiadis Monel; monarch butterfly, Danaus plexippus L.; Trichogramma wasp, Trichogramma ostriniae Peng and Chen
Management decision-making is optimized when accurate estimates of the costs and benefits of all management options are available (Waterfield and Zilberman 2012) . For weed management, the value of increased yields from the control of weed populations has been recognized for thousands of years (Bridges 1994) . A vast amount of research has been directed toward quantifying the benefits of weed management across a wide range of conditions (Appleby 2005; Timmons 1970; Zimdahl 2004) . The primary focus of that research has been on quantification of yield losses averted through reduction of weed populations (Zimdahl 2004) . Less, but significant, effort has been devoted to quantifying the value of reducing reservoirs of insect pests (Capinera 2005; Norris and Kogan 2000) and pathogens (Smith et al. 2011; Srinivasan et al. 2008) .
Balanced against these benefits of weed control are the costs associated with taking action to reduce weed populations. The primary costs most often quantified include herbicides, labor and fuel requirements, and equipment depreciation (Kadrmas et al. 2003) . The decision to take action to reduce a weed population is made by comparing the benefit of yield losses averted to the costs of management.
The above paradigm assumes that weeds have only a negative role, namely as competitor, relative to crop yields. Given this assumption, reducing weed population densities should generally increase yields. However, other studies have shown that weeds can actually contribute to crop yield increases (Jordan and Vatovec 2004; Ziska and Dukes 2010) . These positive roles include effects on soil retention or quality and the behavior or composition of insect fauna. When weeds are present in fields before and after crops, they can function like a cover crop and reduce soil erosion, increase soil-nutrient cycling, increase soil organic matter, and enhance soil microfauna and mesofauna (Jordan and Vatovec 2004; Jordan et al. 2000; Sturz et al. 2001) . When weeds are growing simultaneously with crops, they can camouflage the crop, making it less apparent to herbivorous pests (Capinera 2005) , provide nectar or pollen for pollinators (Altieri et al. 2015) , and provide nectar, pollen, alternate prey, or other resources for natural enemies of insect pests (Altieri et al. 1977; Zandstra and Motooka 1978) . Beyond maximizing profit, some growers value the diversity that weeds and the fauna they support represent (Wilson et al. 2008) . Counter to the current paradigm, reducing weed-population densities decreases these ecological benefits and adds to weed management costs.
Failure to account for the positive roles of weeds could lead to suboptimal weed management decisions, specifically, reducing weed populations when their benefits outweigh their drawbacks. Unfortunately, the benefits of weeds have seldom been quantified and, as far as we are aware, never quantitatively integrated into a decision-making framework for weed management. Here, we introduce a weed-management decision-support framework that accounts for the benefits of a weed and illustrate the utility of this approach with a case study of the multitrophic interactions between two pests, common milkweed and the ECB (Figure 1 ). Although many weeds can co-occur in crop fields, we propose this framework to address situations in which milkweed is the primary problem; nonetheless, similar arguments for the benefits of weeds (e.g., hosts for natural enemies) also can be made for other weed species. Note that, at this time, little decision-making occurs regarding milkweed management and the limited damage that results from ECB because both are currently managed in most corn fields using transgenic crop traits and herbicides (Fernandez-Cornejo et al. 2014) . However, as we detail below, several factors (e.g., cost, potential for resistance, impact on nontarget species) point toward the advisability of transitioning away from the almost-total reliance on these singular pestmanagement strategies. We offer our framework as a tool to facilitate the use of more-holistic management strategies that integrate the management of multiple crop pests (Kogan 1998) . Taking into account all potentially damaging species stands to increase yields, reduce growers' costs associated with pest management, and reduce environmental and societal externalities associated with agricultural intensification (Gagic et al. 2016 ). Milkweed as a Weed. Common milkweed is a rhizomatous perennial broadleaf plant with an extensive root system, stout erect stems, opposite leaves, a milky sap, and purplish/pink/white flowers clustered in umbel-shaped inflorescences. Milkweed can reproduce by seeds, which are wind-dispersed in late summer and fall; however, most plants emerge from root buds occurring on rhizomes (Bhowmik 1994). The species is native to central and eastern United States and Canada, where it occurs in upland, nonwetland sites, usually in well-drained soil (USDA, NRCS 2015) . Milkweed is found along roadsides, fencerows, and river basins and in grain crops, hay fields, old-fields, and nurseries (Bhowmik 1994) .
Milkweed is a concern for growers because it competes for resources with crops and results in yield losses in many grain crops, including corn (up to 10% reduction), soybean [Glycine max (L.) Merr.] (19%), oats (Avena sativa L.) (26%), sorghum [Sorghum bicolor (L.) Moench ssp. bicolor] (29%), and wheat (Triticum aestivum L.) (47%) (Cramer and Burnside 1982; Evetts and Burnside 1973; Yenish et al. 1997a) . Milkweed is problematic in no-till and reduced-tillage agricultural systems and does not persist in frequently mowed or cultivated systems (Bhowmik 1994; Yenish et al. 1997b) . Before the use of glyphosate to control milkweed, weed infestations were largest in corn and soybeans in Iowa, Nebraska, and Wisconsin (Bhowmik 1994) . In 2016, corn and soybean were planted in 38.1 and 33.9 million ha, respectively, across the United States (USDA, NASS 2016), representing large land areas for potential milkweed infestation.
Milkweed occurred widely before the extensive use of glyphosate (Cramer and Burnside 1982) and was found at a density of about 11.7 m 2 ha À1 in Iowa corn and soybean fields in 1999 (Hartzler and Buhler 2000; Pleasants 2015) . In response to increasing glyphosate use, these populations rapidly declined in the early 2000s, so that, in 2009, the plant occurred at a density of only 0.4 m 2 ha
À1
, a 97% reduction of milkweed occurring within fields during the decade (Hartzler 2010; Pleasants 2015) . In fields, as well as along roadsides across the Iowa landscape, milkweed occurrence declined by more than one-half between 1999 and 2009, raising concern for the host-specific monarch butterfly (Pleasants and Oberhauser 2012) . Before the milkweed decline and based on the prevalence of milkweed in corn and high monarch survival in corn, it was estimated that 73 times more monarchs originate in corn compared with nonagricultural habitats (Oberhauser et al. 2001) , and this reliance on corn is generally but not universally accepted (Inamine et al. 2016 ) (see ''External Spatial and Temporal Impacts'' below).
Despite declining milkweed populations, several trends in crop production indicate the importance of continued cognizance of the weed. For example, increasing weed resistance to glyphosate (Heap 2016 ) might instigate growers to use alternative herbicide programs that are less effective in controlling milkweed. Growers might also supplement their use of glyphosate with other herbicides. The use of glyphosate-resistance best-management practices (primarily using a diversity of herbicide active ingredients and modes of action), although more costly, stands to achieve comparable or increased crop yields attributable to improved weed control in the short term, which helps offset increased weed-management costs (Edwards et al. 2014) . Additionally, public criticism of, and increasing demand for, labeling of genetically engineered (GE) foods (Lucht 2015) could reduce production of glyphosate-tolerant crops, requiring readoption of pre-GE herbicide programs that might make milkweed control more challenging, depending on the crop . The increasing adoption of organic no-till production could be accompanied by increases in perennial weeds, such as milkweed (Moyer 2011; Ryan et al. 2009 ). Additionally, growers might be willing to tolerate low milkweed population densities in favor of supporting the monarch butterfly. Milkweed populations are liable to rebound as biological, societal, and agronomic factors in crop production continue to evolve. Milkweed Management. Control of milkweed was a more important management objective in corn production before the introduction of glyphosate. Data relating the degree of milkweed infestation to yield loss in corn are limited. In eastern Nebraska corn fields in the late 1970s, milkweed population densities ranging from 1.1 to 2.5 plants m À2 were associated with 9 to 15% stand losses and 2 to 10% yield losses (Cramer and Burnside 1982) . These data imply that milkweed causes a 1% corn yield loss at a population density of 0. ). Using the weedmanagement decision-making tool WeedSOFT (Neeser et al. 2004 ), a similar milkweed population density-yield loss relationship is demonstrated. Based on a linear fit of the WeedSOFT output (Figure 2 ), a 1% corn yield loss is associated with a milkweed population density of approximately 0.5 stems m
À2
. This is a simple model that does not account for location-specific soil, weather, or emergence periodicity encountered in the field, which can influence the relationship between weed density and crop yield loss (Lindquist et al. 1996 (Lindquist et al. , 1999 .
Since the introduction of glyphosate-tolerant corn (Roundup Ready, Monsanto) in 1998, glyphosate (Weed Science Society of America Herbicide Group [HG] 9) has been an adequate (Beaton et al. 2015; Curran and Lingenfelter 2015; Jensen et al. 2015; Loux et al. 2016 ) and widely used chemical tool to control milkweed (Fernandez-Cornejo et al. 2014 ). However, several other herbicides can be used in milkweed management. For example, POST treatments of 2,4-D and dicamba (both HG 4) or both can be used to control milkweed in corn (Jensen et al. 2015; Loux et al. 2016 ) and can limit regrowth to 5 to 10% in the following season, providing effectiveness similar to glyphosate (see Bhowmik 1994 and references therein). Note that these growth-regulator herbicides are currently a control option in non-GE corn but not in non-GE soybean or cotton; however, with the recent deregulation of dicamba-tolerant crops by the U.S. Department of Agriculture (USDA, APHIS 2015), dicamba will likely soon be used in soybeans and cotton, which is liable to further reduce milkweed populations in the United States. Nonetheless, milkweed is expected to continue to occur and require management even if in smaller populations. Mesotrione (HG 27) (for glyphosate-tolerant hybrids only) and combinations of dicamba þ diflufenzopyr (HG 19), dicamba þ halosulfuron (HG 9), or dicamba þ rimsulfuron (HG 9) þ nicosulfuron (HG 9) also offer chemical control options for milkweed (Beaton et al. 2015; Curran and Lingenfelter 2015; Jensen et al. 2015) .
Cultural control of milkweed can be achieved when a competitive crop, such as alfalfa (Medicago sativa L.), winter wheat, or a dense stand of other weeds, is established (Bhowmik 1994; Evetts and Burnside 1975) . Mechanical control of milkweed in conservation-tillage systems results in fragmented rhizomes, which could increase the number of plants and contribute to their spread (Bhowmik 1994). However, fields in which conventional tillage is used have lower milkweed population densities than do fields where conservation tillage is used (Yenish et al. 1997b) , and seedling emergence from seed buried at a soil depth of 7 cm is negligible (Yenish et al. 1996) . Additionally, in organic graincrop production, tillage has been used as a dependable tool to manage perennial weeds, including milkweed (Ryan et al. 2010) . Depending on any one pest-control tactic increases the liability of evolving resistance, whereas integrating multiple management tactics and using ecological interactions can effectively suppress weeds, often with less reliance on herbicides (Palumbi 2001; Westerman et al. 2005) . European Corn Borer as an Insect Pest in Corn. Similar to most major crops, insect pests, in addition to weeds, reduce corn yields. The ECB is one insect pest of corn for which the interaction of insects and milkweed could be important. The billion dollars of annual losses caused by ECB (Hutchison et al. 2010 ) and the difficulty of controlling an insect that spends most of its life cycle protected in plant stems drove considerable effort to develop effective, classical, biological control (Bartlett and Clausen 1978; Mason et al. 1996) . However, despite successful natural enemy establishment and substantial effects, the level of suppression from ambient levels of naturally occurring and introduced natural enemies was often inadequate to prevent economic losses to this pest (Wressell 1973) . The incomplete control of ECB with insecticides made it an initial target of transgenic corn in the United States. Genetically engineered corn with Bt and the Cry1 toxins very effectively controls this pest and was registered in 1996 (Shelton et al. 2002) . Corn hybrids expressing the Cry1 toxin are often ''stacked'' with genes expressing the Cry3 toxin (targeting corn rootworm, Diabrotica spp.) and herbicide tolerance. In 2015, crops with both Bt and herbicide-tolerance traits accounted for 77% of all field corn planted in the United States (USDA, NASS 2015). However, several factors indicate that this level of reliance on a single tactic may decrease in the near future (Mortensen et al. 2012; Shaner et al. 2012) , creating a need for alternate strategies. One reason why some corn growers might currently prefer to not purchase hybrids expressing the Cry1 toxin with their associated costs is that these hybrids have become victims of their own success. The toxin is so effective at killing ECB larvae and the level of adoption so high that ECB population densities declined across the Midwest, leading to increased demand for cheaper ''non Cry1'' hybrids that have favorable agronomic traits from growers who think the Bt protection is no longer necessary (Hutchison et al. 2010) . In recent years, GE corn is increasingly more costly compared with non-GE corn (Osteen et al. 2012) . Additional factors that could lead to a higher proportion of corn being planted to nonCry1 hybrids in the future are the development of ECB populations that are resistant to this toxin (Siegfried and Hellmich 2012) and an increase in market demand for non-GMO crops (Lucht 2015) . Thus, it would be prudent to develop alternatives for ECB control now before Cry1 hybrids lose effectiveness and to support emerging markets.
Milkweed and Insect Interactions in Corn.
Relationship of Milkweed, Aphids, and Parasitoids. Although milkweed can have a negative effect on corn yield through competition, it can also have a positive, indirect effect on yield by providing resources used by natural enemies of herbivorous pest insects (Figure 1 ). Although the exact components and concentrations vary, plants in the milkweed family generally have effective chemical defenses. The herbivorous insect community on milkweed includes only 12 species in eastern North America (Smith et al. 2008) . We focus here on the three aphids (Hemiptera: Aphididae) that feed on milkweed: A. asclepiadis (Fitch), A. nerii (Boyer de Fonscolome), and M. asclepiadis (Monel) (Smith et al. 2008) , and for the purposes of this study, we group them as ''milkweed aphids.'' In corn, similar to other systems, aphids function at several trophic levels, serving as prey for predators, such as lady beetles (Coleoptera: Coccinellidae) (Stephens et al. 2012) and, most pertinent to our study, they are one of the 10 insect families (8 Hemiptera and 2 Lepidoptera) that feed primarily on photosynthate and produce a sugary waste liquid known as honeydew (Lundgren 2009 ). This honeydew can be an important source of nutrition for Hymenopteran insects, such as ants and wasps (Lundgren 2009 ), including parasitoids, such as Trichogramma wasps that have key roles in biological control (Faria et al. 2007 ). Honeydew as a Source of Nutrition for Trichogramma Wasps. One group of wasps that is known to feed on and benefit from aphid honeydew are the Trichogramma (Hymenoptera: Trichogrammatidae) (Fuchsberg et al. 2007 ). Trichogramma wasps are minute egg parasitoids that are among the most widely augmented biological control agents released on millions of hectares each year (Li 1994; Smith 1996; Zhang 2010) . By parasitizing egg masses, ambient populations of Trichogramma wasps can exert substantial control of ECB populations (Hoffmann et al. 2006) . Trichogramma ostriniae, a species imported into North America from China in the early 1990s, shows particular promise for ECB control (Fuchsberg et al. 2007 ). Trichogramma ostriniae exhibited increased longevity and fecundity when they were provided with honey (Hoffmann et al. 1995) , and the same effect was subsequently reported with aphid honeydew (Fuchsberg et al. 2007) . Although Trichogramma wasps are not widely released to control ECB in field corn in the United States, Hoffmann et al. (2006) reviewed the successful reduction of ECB in sweet corn and reported the reduction of ECB in field corn in 2001 and 2002 (Hoffmann et al. 2002) . In addition, as we describe above, an increasing proportion of growers may seek alternatives to Bt-corn for ECB management so augmentation of Trichogramma could be adopted more widely.
Although the potential effect of a sugar source enhancing parasitism by Trichogramma wasps was not addressed in Hoffmann et al. (2006) , a positive effect of nectar has been reported in cotton (Gossypium spp.), from extrafloral nectaries (Treacy et al. 1987 ) and with buckwheat (Fagopyrum esculentum Moench), as the nectar source in both grape (Vitis spp.) (Nagarkatti et al. 2003) and bell peppers (Capsicum annuum L.) (Russell and Bessin 2009; Sarajlić et al. 2014 Hoffmann et al. (2006) was the population density of milkweed stems. These data were recorded because the relationship between honeydew and T. ostriniae had previously been established (Fuchsberg et al. 2007) , and milkweed plants within the field study area were known to commonly support high aphid population densities. Methods, including those for assessment of parasitism of ECB egg masses, follow details in Hoffmann et al. (2006) , with the addition of an assessment of milkweed population (stem) density using standard methods (Caldwell et al. 2014; Mohler et al. 2016) . The result was a significant, positive relationship between the population density of milkweed stems and the parasitism of ECB egg masses (P , 0.0001; analyzed with logistic regression) (Figure 3 ). Although in that study, infestation of aphids on milkweed was high and infestation on corn stalks was very low, in some years, the corn leaf aphid Rhopalosiphum maidis Fitch can be present in substantial densities . Implications of Biological Control Facilitation for Milkweed Management in Corn. The implication of a positive relationship between milkweed population density and ECB parasitism is that increased milkweed population density can, under certain conditions, reduce losses from damage by ECB feeding (Figure 4 ). As noted above, if we consider milkweed as only a competitor (e.g., not a resource providing honeydew for parasitoids), then losses rise with increasing milkweed population density as competition becomes more intense (Figure 4 ). However, it should be clear that milkweed has both the roles of competitor and pest-suppression facilitator, so the effect of both roles should be summed to find the total impact of milkweed in corn (Figure 4) . We calculated the combined loss curves by generating values for losses from milkweed (Figure 4 ; milkweed as competitor) and losses from ECB (Figure 4 ; milkweed as a facilitator of ECB control) across a range of milkweed densities and then summing the values at each density (Figure 4 ; milkweed as competitor þ facilitator). The losses from competition alone are modeled as linear across milkweed densities, whereas the curve value as a facilitator and the resulting combined curve both have higher-order shapes because of the upper limit of honeydew facilitation. Although we could not quantify it here, the value of aphids on milkweed would be less if there were aphids supplying honeydew on the corn itself (e.g., corn leaf aphids) because herbicide treatments would not affect the aphids on corn . Conversely, application of glyphosate would reduce not only milkweed but also other weeds, and 97% of vascular plants species support aphid populations (Dixon et al. 1987) . Options are available for species-specific weed control in the case in which a grower needs to control weeds other than milkweed. For example, a graminicide, such as nicosulfuron, could be used to control weedy grasses without damaging corn or milkweed. Because weeds typically have patchy distributions, partial cultivation of a field might also be a feasible control strategy.
The value of the facilitation of milkweedmediated ECB suppression depends on the density of the insect pest. In the absence of ECB, the effect of milkweed on corn is reduced to competition only ( Figure 5 ). The value of the facilitation increases as the initial population density of ECB egg masses increases ( Figure 5 ). Each of these curves ( Figure 5 ) represents a unique loss-density function (D). Incorporating Local Services into Weed-Management Decision-Making. Balancing the cost of milkweed as a corn competitor with its value as a resource for ECB parasitoids is an example of broader decision-making that can be applied to our example and beyond this system with a generalized formula. The standard formula for calculating an economic injury level (EIL) in units of pestpopulation density (e.g., weeds per square meter) or some index of population density (e.g., insects per trap) incorporates the cost of the specific control (C ), the value of the commodity being produced (V ), and the yield lost per unit of pest population density (D) (Stern et al. 1959) . The formula generally takes the following form:
Using this formula, integrating any benefits that might accrue from increasing population density of the focal ''pest'' (e.g., milkweed) is fairly simple. If the benefits from increasing pest population density can be estimated and a combined function (D i ) can be calculated, as in our example with milkweed facilitating ECB control, then the formula for the integrated EIL becomes the following:
Note that this formula is flexible in the sense that if D i , D, as in our example, then, EIL i . EIL, but if D i . D, such as might be the case if a weed had a negative effect on a beneficial insect in addition to competition with the crop, then EIL i , EIL. We encourage future authors to refine the model to account for location-specific soil, weather, and crop and weed emergence periodicity, which can affect the weed density-crop yield loss relationship (Lindquist et al. 1996 (Lindquist et al. , 1999 . Accounting for Both Negative and Positive Effects of Milkweed. With the new loss-pest density (D) relationships reflecting both effects, calculating a series of EILs is straightforward (following Stern et al. 1959) (Table 1) . We analyzed the combined curves at each ECB density by regressing the summed loss on milkweed density (SAS 2012). With no ECB present, the EIL for milkweed is based only on balancing the cost of treating with an herbicide with the losses averted by decreasing competition, yielding a linear D relationship with no significant second-or third-order component (P . 0.05). As the initial ECB population density increases, the value of milkweed, in terms of the role it has in averting losses from the larvae, also increases, and thus, the D relationship diverged from the linear-competition curve and included significant second-and third-order components (P , 0.05 for all nonzero values of ECB evaluated). Using constant values for C ($50.04 ha À1 ) (D Lingenfelter, personal communication) and V ($1,560.47 ha À1 ) (USDA, NASS 2016), the decreasing values for D lead to a higher EIL for milkweed (Table 1) . With very high initial ECB densities (e.g., 1.5 plant À1 ), even where milkweed represents a substantial value for ECB suppression, milkweed competition can be so intense that associated yield losses exceed the combined costs of management and the value of enhanced larval suppression. The use of insecticides to suppress ECB populations, thus reducing the beneficial value of milkweeds and making it profitable to control milkweed at lower densities, is theoretically possible but not actually feasible for two reasons. First, any insecticide used would have a cost and that cost would balance against the losses averted by maintaining milkweeds at a lower density. Second, because ECB bore into the stalk where they are protected after just two instars, the window to control larvae is very small and is often difficult to pinpoint. In addition, the primary damage occurs in the second generation when the plants are so tall that most growers do not have equipment to spray without damaging the corn plants. A low proportion of growers were ever able to control ECB with spray insecticides, which is why the pest became a target for biological control and host-plant resistance, including transgenic Bt corn. In summary, management decisions differ substantially when all of the ecological roles of a plant are considered. External Spatial and Temporal Impacts. The positive effect of milkweed reducing losses from ECB is indirect via aphids and parasitoids, but the effect is quantifiable, and it takes place within the field and season for which the management decision is being made and, thus, is ''internal'' to the temporal and spatial scale of the decision. Impacts that take effect in a temporal or spatial frame external to the focal field and season, termed externalities (Pretty et al. 2000) , are usually more difficult to quantify (Figure 6 ). In general, the farther the effect is from the focal field and season, the more difficult the externality is to quantify. The contribution of weeds to the future weed-population density through the seedbank (including rhizomes) is an example of an externality that is within the focal field and often not far removed Figure 6 . Effects of milkweed in the corn agroecosystem as they relate to the relative impact on the economic injury level (EIL). *No data available.
temporally. For some weeds, including milkweed, this contribution to higher population densities can take effect within the same season via new shoots emerging from rhizomes (Bhowmik 1994), so such weeds would have both internal and external effects. There have been many assessments of the ''external'' consequences of weed-management decisions on seedbanks in future years (e.g., Buhler et al. 1997; Burnside et al. 1986; Davis et al. 2005; Gallandt 2006 ). Some weed seeds persist in the seedbank for many decades (e.g., velvetleaf, Abutilon theophrasti Medik.) (Warwick and Black 1988) , which makes determining the impacts of their management challenging to quantify. An externality of weed-management decisions further removed than seedbanks is the evolution of resistance to control tactics, with herbicide resistance being particularly challenging. The impacts of selection for herbicide resistance often take longer than seedbanks to affect yields and profits because they typically takes many generations for resistance to evolve (Nalewaja 1999) , although for some weed species (e.g., rigid ryegrass, Lolium rigidum Gaudin) and herbicide compounds (e.g., sulfonylureas) resistance development can occur more quickly (Preston and Powles 2002) . Although herbicide resistance can affect the field in which selection occurs, incorporation into modeling is complicated because the effects of, and selection for, herbicide resistance are dependent on actions taken outside the focal field and season (e.g., management decisions of other growers affecting weed propagule supply). Resistance management for herbicides includes practices such as crop rotation, herbicide active-ingredient rotation, and integration of weedcontrol tactics (Prather et al. 2000) . Resistance management has become a key component of pest management decision-making (Prather et al. 2000) , but weed resistance to herbicides continues to be a major and increasing issue (Shaner et al. 2012; Vencill et al. 2012) .
Even further removed from the focal field and season are potential weed-management effects on pollinators and other nontarget species considered common-pool resources. Native insect pollinators are known to be extremely important for agricultural production, and the service they provide has been shown to add $3 billion to the U.S. economy each year (Losey and Vaughan 2006) . The most obvious connection between weed management and pollination is in commodities that depend on insect pollination, such as most fruits and vegetables. Weed management affects pollinators via direct exposure of the beneficial insects to herbicides (Herbert et al. 2014) or indirectly through the loss of nectar resources (Bohnenblust et al. 2016; Egan et al. 2014 ) and habitat (Altieri et al. 2015) . Integrating control of pests in these systems, along with the facilitation of pollinators, is an acknowledged need (e.g., in apples, Malus Mill.; Biddinger and Rajotte 2015) , and recent reports provide impetus for the integration of plant-pathogen management and pollinator facilitation (Park et al. 2015) . The value of supporting pollinators is immediate and local in insect-pollinated crops, but even in cropping systems that do not depend directly on pollination for production (e.g., most grain and forage crops), enhanced pollination in other areas of the farm or region is valuable (Altieri et al. 2015; Bretagnolle and Gaba 2015) .
Although the benefits of seedbank and herbicideresistance management and pollinator facilitation usually are accrued outside the focal season and field, they represent a tangible value (although not necessarily quantified) to the individual grower (Figure 1 ). In contrast, some management practices have a neutral or negative effect on profit, but growers choose them willingly because they represent a value beyond monetary profit, e.g., minimizing negative effects on, or having a positive effect on, societal or environmental goals (Wilson et al. 2008) . Among environmental goals, the most common is a desire to minimize the effect of pest management on species that are neutral in terms of their impact on yield (e.g., wildlife or insects; Wilson et al. 2008) . Many growers are willing to modify the management of their crops in ways that decrease profits if they perceive that such modifications minimize negative effects on nontarget species (Greiner 2015) . Assuming that growers' attitudes are similar to those of the public, the amount of profit that individual growers might be willing to eschew has been quantified as ''willingness to pay'' (Diffendorfer et al. 2014) .
The potential to affect neutral, nontarget species during the course of weed management in corn is broad. Losey et al. (2003) estimated that 132 plant species and 229 Lepidopteran species feeding on them occur in and around corn fields. This list includes species that potentially have a quantifiable effect on profit, but most of them likely do not affect profit. Undoubtedly, the best-known, iconic or ''flagship'' of these species is the monarch butterfly.
The monarch butterfly is arguably one of the most popular insects in North America. The monarch was named the national insect of the United States in 1990, and it is also the insect symbol of 7 of the 50 states (State Symbols USA 2016). Unfortunately, this species is undergoing a steep decline. Although a 2015 monarch survey suggested a rebound from recent years, their numbers are still well below the historic average (World Wildlife Fund 2016). Pleasants and Oberhauser (2012) report an 81% decline in monarch numbers from 1999 to 2010, and they attribute this loss to a 58% decline in the abundance of milkweed, the sole food of monarchs, in the midwestern United States. They suggest that this decline in milkweed is due to the rise in the adoption of herbicide-tolerant crops and the associated use of glyphosate on a large proportion of corn and soybean acreage (Pleasants and Oberhauser 2012) . In response to the linkage between monarch butterfly decline and glyphosate-tolerant weeds, Monsanto has initiated a monarch butterfly conservation program (Monsanto 2015) . A recent study supports that the primary driving factor in monarch decline is the reduction in milkweed population densities in the Midwest and not climate change or degradation of overwintering habitats in Mexico (Flockhart et al. 2015) ; however, not all studies agree on the level of effect the reduction in milkweed has on monarch populations (Howard and Davis 2015; Inamine et al. 2016; Pleasants et al. 2016; Semmens et al. 2016) .
In 2014, the U.S. Fish and Wildlife Service (USFWS) found sufficient evidence to warrant consideration of the monarch butterfly for protection under the Endangered Species Act (USDI 2014) . Although a final ruling on the listing will take some time, the USFWS has already allocated $3.2 million for monarch conservation (Lee 2015) . However, these efforts are primarily focused on planting milkweed in ''reserves'' of varying sizes, and some analyses indicate this strategy will be insufficient to offset the loss of milkweed from crop fields (Flockhart et al. 2015) . This is especially relevant because it has been estimated that 56% of monarch butterflies breed on within-corn field populations of milkweed, and this estimate is more than 90% if soybean fields are included (Oberhauser et al. 2001) .
Although the popularity and plight of monarch butterflies are clear, the implications for weedmanagement decision-making are less straightforward. If government conservation programs existed to offer money to growers to refrain from controlling milkweed, similar to that offered to land managers in Mexico who refrain from degrading the monarch's overwintering habitat (Honey-Rosés 2009), then those incentives could be factored in to the EIL equation. Evidence indicates that incentives to private landowners can be effective for facilitating the conservation of endangered or threatened species, and some incentives are more cost effective than others (Drechsler et al. 2016; Langpap 2006) .
In the absence of conservation incentives, the only monetary value that milkweed possesses in its role as food for monarchs is the value that growers individually assign to it. Diffendorfer et al. (2014) reported that respondent U.S. households would be willing to make a one-time payment of between $54 and $74 to conserve monarchs. That amount does not necessarily reflect the amount of profit that growers would be willing to eschew on an annual basis to conserve monarchs, but it implies that they would be willing to incur some level of financial loss to conserve the iconic insects, assuming grower attitudes reflect those of the public.
Beyond potential incentives and willingness to pay for conservation, the possible listing of the monarch butterfly under the Endangered Species Act provides another conceivable motivation for growers to modify their decision-making regarding the management of the monarch's sole food, milkweed. Listing a species as threatened or endangered means potentially severe restrictions in management options. Not only would monarch ''take'' (e.g., collection) be prohibited, but degrading the monarch's critical habitat could also result in fines of up to $50,000 and up to 1 yr in prison (Yarrow 2009 ). The threat of these restrictions would appear to offer substantial motivation for growers to cooperate with conservation efforts now to prevent the species from ever needing to be put onto the list. This type of cooperative effort was a remarkable success in the case of the greater sagegrouse (Centrocercus urophasianus Bonaparte), which was proposed but not listed (USDI 2015) , and an attempt to organize a similar cooperative effort for monarch butterflies is in progress (Holst 2016) . Growers who wish to avoid the restrictions associated with the monarch being listed as endangered could raise their EIL for milkweed to reflect the additional value of this plant as protection against restrictions (Figure 1) .
Many externalities could be integrated into weedmanagement decision-making. In the specific case of incorporating the value of milkweed-facilitating parasitoids, we developed a relationship that varied across milkweed and ECB population densities, allowing us to modify the EIL formula by varying the pest population density parameter D i . This method will most likely not be possible for most external factors with less-quantitative data available. A simpler method would be to incorporate single values for the costs (C ) or benefits (B) that each externality imparts on weed control. All costs and benefits could then be summed and included in the EIL calculation:
Using this formula, each additional cost (e.g., herbicide costs) would drive the EIL up, as in the conventional application of this formula. More complex is the application to benefits. Each benefit represents a potential value that will be lost if the pest population (e.g., milkweeds) is reduced. For example, if growers valued monarchs on their farm at a value of X, then (if controlling milkweeds eliminated monarchs) the value to insert into Equation 3 would be negative (ÀX ). Thus, each additional cost and each additional lost benefit would both drive the EIL up. In a qualitative sense, as the sum of costs associated with treatment and the benefits lost because of treatment increase, a higher density of pests would be required to justify the management action.
These factors beyond direct competition from weeds may seem minor, especially for individual growers, but in the aggregate, they can have substantial long-range consequences. Failing to integrate the full costs and benefits of weed management can lead to ''black swan'' events, i.e., negative phenomena that are unexpected but could have been predicted with a wider view of the problem (Taleb 2007) , such as the resistance to glyphosate and declining monarch populations that have emerged from widespread adoption of herbicide-tolerant crops. Full integration of all costs and benefits offers the greatest opportunity for longterm weed management and sustains profitability while minimizing negative environmental impacts.
